ABSTRACT: We report on the surface modification of polytetrafluoroethylene (PTFE) as an example of soft-and bio-materials that occur under plasma discharge by kinetics analysis of radical formation using in situ real-time electron spin resonance (ESR) measurements. During irradiation with hydrogen plasma, simultaneous measurements of the gas-phase ESR signals of atomic hydrogen and the carbon dangling bond (C-DB) on PTFE were performed. Dynamic changes of the C-DB density were observed in real time, where the rate of density change was accelerated during initial irradiation and then became constant over time. It is noteworthy that C-DBs were formed synergistically by irradiation with both vacuum ultraviolet (VUV) and atomic hydrogen. The in situ real-time ESR technique is useful to elucidate synergistic roles during plasma surface modification. Light radiation can be considered as an ideal reagent for environmentally friendly, green chemical reactions, but poor absorption by organic substances makes direct solar photochemistry generally inefficient. Nevertheless, the need for high-energy ultraviolet (UV) radiation in most organic photochemical processes has limited both the practicality and environmental benefits. 1 For the development of green chemical processes, electrical discharge, known as cold plasma, rather than hot plasma, is beneficial for nuclear fusion reactors on both the laboratory and industrial scales. Many applications that utilize plasma, such as plasma-enhanced chemical vapor deposition, plasma etching, plasma-induced surface modification, and plasma medicine, have been widely recognized. 2, 3 However, chemical reactions under plasma are very complicated, due to the simultaneous irradiation of electrons, ions, radicals, and photons. Therefore, the individual contributions of each of these reactive species in the plasma must be elucidated.
To understand the dynamic changes in bonding configurations during processing and surface reactions, direct observation of the formation and destruction of dangling bonds will provide much more important information. Originally, Westenberg reported that chemical reactions could be analyzed using the electron spin resonance (ESR) technique. 4, 5 Previously, Yamasaki et al. succeeded in attempts to measure dangling bonds in situ during silicon film growth using ESR. 6 Subsequently, we have investigated the plasma processes for plasma etching of dielectric materials and diamonds using in vacuo and in line ESR techniques. [7] [8] [9] [10] [11] [12] [13] Recently, the surface treatment of soft-and bio-material using atmospheric pressure plasmas has attracted much attention. For example, there is considerable interest in changing the surface hydrophobicity of polytetrafluoroethylene (PTFE) using treatments such as UV-radiation under vacuum at room temperature, which was studied by Rasoul et al., 14 or oxygen low-pressure plasma exposure examined by Vandencasteele et al., 15, 16 Carbone et al., 17 and Milella et al. 18 In addition, surface modification using atmospheric pressure He plasma was studied by Zettsu et al. 19 Physical and chemical modification of the PTFE surface has also reported by other researchers. [20] [21] [22] [23] [24] Not only photochemical processes with plasma-induced emission, but also synergistic photo and radical processes play important roles in the utilization of plasma. Yuan et al. very recently reported that photochemical reactions on poly(methyl methacrylate) occurred synergistically from exposure to vacuum ultraviolet (VUV) and atomic oxygen. 25 In this study, in situ ESR measurements were performed during plasma processes using an ESR cavity and remote plasma system. PTFE has carbonfluorine bonds with a relatively high bond energy of approximately 5 eV; therefore, it is difficult for photochemical oxidation to occur. Using plasma discharge, C dangling bond signals from the film were successfully observed during and after surface modification. However, determination of the dominant pathways under given conditions is challenging. ESR signals from both the solid and gas phases are presented with a tentative interpretation of their dynamic changes. These results have led to the elucidation of a plasma-induced synergistic process.
An ESR system was connected to a plasma discharge system using a quartz tube with an inner diameter of approximately 9 mm, as shown in Figure 1 . A microwave (2.45 GHz) power supply of 50 W from a generator (Horonix MR-202) was used to generate plasma inside the quartz tube. Hydrogen gas was flowed into the quartz tube at a flow rate of 50 sccm and the pressure was maintained at approximately 10 Pa in the down-flow region. It should be noted that only hydrogen plasmas were used in this study.
ESR measurements were conducted using a standard X-band (9 GHz) spectrometer (Bruker Biospin, EMX plus) with a microwave resonator (Bruker Biospin, ER4119HS-W1). ESR spectra were recorded with a microwave power of 2 mW, a field modulation amplitude of 0.2 mT, and a modulation frequency of 100 kHz. All experiments were performed at room temperature. The quartz tube and PTFE film sample were inserted inside the ESR cavity in the down-flow region, typically 20 cm from the plasma discharge. The sample used was a 0.1 mm thick PTFE film (Fulon Industries). Both gaseous and surface radicals on the PTFE film were simultaneously detected in situ. Individual contributions from atomic hydrogen and plasma emission light have been studied in a similar manner using pallets for plasma process evaluation (PAPE). 26, 27 The distance from the discharge was sufficiently large, so that charged particles such as electrons and ions were immediately diminished by recombination. Therefore, no effect of ion bombardment was observed at the down-flow region in this study. To limit interactions of plasma emissions with the sample, a U-shaped quartz tube and light shade were used, as shown in Fig. 1(b) . Neutral species such as atoms and radicals are relatively longlived; therefore, a sufficient amount of neutral species were transported to interact. In addition, interactions with only plasma emissions were clarified using the transparent MgF 2 window shown in Fig.   1 (c), which can transmit wavelengths above approximately 140 nm. Figure 2 shows experimental ESR signals during plasma discharge. Prior to plasma irradiation, only signals due to the quartz tube were observed in the ESR spectra, as shown in Fig. 2(a) . During atomic H irradiation, a doublet ESR signal (g = 2.0114) for gaseous atomic H ( 2 S 1/2 , I = 1/2) splitting of approximately 50.8 mT was observed. 6, 28 Signals from atomic hydrogen are easily saturated at a microwave power of 2 mW; therefore, the spectrum shown in Fig. 2(a) was recorded at 0.02 mW. The ESR signals for H splitting indicated that atomic H was transported to the down-flow region at the ESR cavity.
Sharp ESR signals on the spectrum were detected, as shown in Fig. 2(b) , only when the samples were inserted into the ESR cavity. Analysis of the spectra indicated carbon dangling bonds (C-DB) on the The formation speed of surface radicals was measured and the roles of both atomic hydrogen and UV were analyzed using real-time measurements. The individual contributions from atomic hydrogen and plasma emission light were obtained. The difference in the rate of formation of these surface radicals for irradiation with atomic hydrogen, UV, and atomic hydrogen+UV is shown in Figure 3 . When the sample was irradiated with VUV light, the C-DB signal was evident, which indicated that surface radicals were at least created by irradiation with VUV light. However, no C-DB was formed by irradiation with only atomic hydrogen.
The lack of C-DB formation by irradiation with only radicals is due to the relatively high bonddissociation energy for C-F of approximately 5 eV. For VUV irradiation, a strong absorption energy of approximately 7.8 eV, which corresponds to a VUV wavelength of 160 nm, was reported by Nagayama et al. 29 This is in agreement with the C-DB created on the PTFE film by VUV irradiation in our experiments. (In addition, there was no formation of C-DB when the MgF 2 window material was changed to an optical filter that cut the wavelengths to as low as 250 nm.)
Notably, for irradiation with both atomic H and VUV, significant acceleration in the rate of C-DB 
where k is the rate coefficient. From this, acceleration in the rate as observed in the early period indicates that the synergetic formation of surface C-DB occurred close to the surface, due to the scission of C-F bonds, and was accelerated by VUV illumination and ruptured F atom scavenging by atomic H to form HF. Moreover, the surface radicals produced immediately changed to peroxy-radicals when the treated PTFE films were exposed to air. 24 This was confirmed by the introduction of oxygen gas, where the C-DB created on the PTFE film by atomic H and VUV were completely changed to peroxy-radicals, as shown in Figure 4 . This suggests high reactivity of C-DB with oxygen and the peroxy-radical species can contribute to enhancement of the surface biocompatibility. The in situ measurement system is an effective approach to determine radical formation interactions between surface F atoms and gaseous H atoms. This study revealed the synergistic and photocatalytic rupture of C-F bonds by VUV light irradiation and inhibition of recombination by the formation of HF due to the supply of atomic hydrogen.
In summary, C-DBs created by plasma discharge were studied using in situ real-time ESR measurements. The PTFE surface was used as an example of a soft material and was exposed to H atoms. During atomic H exposure, the ESR spectra exhibited C-DB signals. The in situ real-time ESR technique was demonstrated as a new experimental approach to the microscopic understanding of chemical reactions on surfaces with gaseous radicals during plasma processes. We have successfully obtained information regarding the reaction mechanism with radicals generated by plasma induced surface interactions.
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